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Active Stabilization of Human Endothelial Nitric Oxide Synthase
mRNA by hnRNP E1 Protects against Antisense RNA and MicroRNAs
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Human endothelial nitric oxide synthase (eNOS) mRNA is highly stable in endothelial cells (ECs). Posttranscriptional regulation
of eNOS mRNA stability is an important component of eNOS regulation, especially under hypoxic conditions. Here, we show
that the human eNOS 3’ untranslated region (3’ UTR) contains multiple, evolutionarily conserved pyrimidine (C and CU)-rich
sequence elements that are both necessary and sufficient for mRNA stabilization. Importantly, RNA immunoprecipitations and
RNA electrophoretic mobility shift assays (EMSAs) revealed the formation of heterogeneous nuclear ribonucleoprotein E1
(hnRNP E1)-containing RNP complexes at these 3'-UTR elements. Knockdown of hnRNP E1 decreased eNOS mRNA half-life,
mRNA levels, and protein expression. Significantly, these stabilizing RNP complexes protect eNOS mRNA from the inhibitory
effects of its antisense transcript SONE and 3'-UTR-targeting small interfering RNAs (siRNAs), as well as microRNAs, specifi-
cally, hsa-miR-765, which targets eNOS mRNA stability determinants. Hypoxia disrupts hnRNP E1/eNOS 3’-UTR interactions
via increased Akt-mediated serine phosphorylation (including serine 43) and increased nuclear localization of hnRNP E1. These
mechanisms account, at least in part, for the decrease in eNOS mRNA stability under hypoxic conditions. Thus, the stabilization

of human eNOS mRNA by hnRNP El-containing RNP complexes serves as a key protective mechanism against the posttran-
scriptional inhibitory effects of antisense RNA and microRNAs under basal conditions but is disrupted under hypoxic

conditions.

he signaling molecule nitric oxide (NO), produced in endo-

thelial cells (ECs) by endothelial nitric oxide synthase (eNOS),
plays a pivotal role in the maintenance of homeostasis in the blood
vessel wall (1). The appropriate expression and function of eNOS
is critically important in blood vessel wall function and represents
a sensitive and highly effective system for maintaining local blood
flow to an organ. Targeted inactivation of the murine eNOS locus
and physiologic assessment of eNOS™’~ animals has reinforced
this view (2, 3) and indicated that eNOS is important in the re-
modeling of vessel walls in response to changes in flow or distend-
ing pressure (4). Indeed, decreased eNOS expression and function
has been implicated in the pathology of a number of cardiovascu-
lar diseases, including atherosclerosis and hypertension (1, 5), and
is a key defining feature of the clinical entity termed endothelial
dysfunction. Significantly, hypoxia is a major cellular stress that
has a profound impact on endothelial cell biology, including crit-
ical changes in gene expression (6, 7). Thus, understanding the
molecular regulation of eNOS gene expression is a high-priority
area.

Importantly, several pathophysiological factors, especially
hypoxia, and important models of endothelial activation lower
eNOS expression. In these cases, a major contributing factor to
downregulation of eNOS expression appears to be a reduction in
the stability of the mature eNOS mRNA. Under normal condi-
tions, the eNOS mRNA is highly stable in human ECs, with a
half-life in excess of 24 h, as assessed by actinomycin D transcrip-
tion arrest experiments (8). Notably, we and others have shown
that hypoxia significantly downregulates eNOS gene expression in
ECs, with major contributions from the posttranscriptional
downregulation of eNOS mRNA expression (9—11). In addition,
models of proliferation/injury (12), tumor necrosis factor alpha
(TNF-a) treatment (13, 14), and exposure to lipopolysaccharide
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(15) or high levels of oxidized low-density lipoprotein (16) all
decrease eNOS steady-state mRNA expression in cultured ECs in
a manner dependent, in major part, on changes in eNOS mRNA
stability.

We recently reported the existence of a cis-natural antisense
transcript to eNOS called SONE (also know as ATG9B, NOS3AS,
and APG9L2) that regulates eNOS via posttranscriptional mech-
anisms (17, 18). The genes for eNOS and sONE are arranged in a
tail-to-tail orientation on human chromosome 7q36, and the
transcripts for the 2 genes are complementary for a total of 662
nucleotides, including significant exon/exon overlap. The RNA
product of the ATG9B gene has both noncoding (17) and putative
coding functions (18). Under basal conditions, SONE transcripts
are expressed at very low levels in ECs due to posttranscriptional
regulation, whereas eNOS is highly abundant. Importantly, expo-
sure of ECs to hypoxia, which downregulates eNOS mRNA and
protein expression, markedly upregulates steady-state levels of
SONE RNA (11). The decrease in eNOS mRNA abundance is at-
tributed, at least in part, to the destabilization of eNOS mRNAs,
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and sONE depletion rescued eNOS expression. Thus, these find-
ings implicate SONE as a posttranscriptional inhibitor of eNOS
mRNA and protein expression, especially under hypoxic condi-
tions. In addition to antisense RNAs, other posttranscriptional
regulators also exist. A prime example is represented by microR-
NAs, which are ~22-nucleotide (nt) endogenous small RNAs that
function as potent posttranscriptional regulators of mRNA stabil-
ity and translation (19-21). A recent estimate suggests that at least
60% of all human protein-coding genes are subject to regulation
by microRNAs (22). However, it is not known whether eNOS is
significantly regulated by microRNAs.

Given that mRNA stability contributes significantly to overall
eNOS expression, we were interested to determine whether eNOS
mRNA is actively stabilized in order to protect it from the inhib-
itory effects of the antisense transcript SONE and microRNAs.
Thus, we undertook detailed functional analyses of eNOS 3’-un-
translated region (UTR) regulatory cis elements. Here, we show
that eNOS mRNA stability is determined by multiple evolution-
arily conserved pyrimidine (C and CU)-rich elements in the 3’
UTR (referred to below as P1 through P5 below). Furthermore,
eNOS mRNA is basally stabilized by the formation of ribonucleo-
protein RNP complexes on these 3'-UTR cis elements. Impor-
tantly, we identified heterogenous nuclear RNP (hnRNP) El,
which is a ubiquitous, multifunctional RNA-binding protein with
important nuclear and cytoplasmic roles (23), as a major compo-
nent of these eNOS-stabilizing RNP complexes. Significantly, the
stabilization of human eNOS mRNA by hnRNP El-containing
RNP complexes serves as a key protective mechanism against the
posttranscriptional inhibitory effects of the eNOS antisense tran-
script sSONE and 3'-UTR-targeting small interfering RNAs
(siRNAs), as well as functionally important microRNAs, specifi-
cally, hsa-miR-765, under basal conditions. However, hypoxia
disrupts hnRNP E1/eNOS 3’-UTR interactions via increased Akt-
mediated serine phosphorylation (including serine 43) and nu-
clear localization of hnRNP E1. These mechanisms contribute sig-
nificantly to the decrease in eNOS mRNA stability and overall
expression in hypoxic ECs.

MATERIALS AND METHODS

Cell culture and hypoxia treatment. Human umbilical vein endothelial
cells (HUVEC) were harvested, used at passages two to five, and main-
tained as described previously (17, 24). Findings were replicated in
HUVEC derived from independent cultures prepared from multiple un-
related individuals. HepG2 cells (human hepatocellular carcinoma cell
line with epithelial morphology) were obtained from American Type Cul-
ture Collection (ATCC) and maintained in Dulbecco’s modified Eagle’s
medium containing 10 mM HEPES. K562 human erythroleukemia cells
(ATCC) were maintained in RPMI 1640 containing 10 mM HEPES. For
hypoxia treatment, cells were subjected to 1% O, in a temperature- and
humidity-controlled incubator within a sealed anaerobic system (Thermo
Forma model 1025). The hypoxic environment (1% O,) was achieved and
maintained using a high-purity anaerobic gas mixture (5% CO,, 10% H,,
85% N,; Linde).

Cloning of the rabbit and mouse eNOS 3’-UTR cDNA. Recombinant
bacteriophage murine cDNA clones were isolated by plaque hybridization
from an oligo(dT)- and random-primed murine fetal cardiac NZAP 1II
expression library established at day 12.5 of embryonic life (25). A full-
length, 4,052-nt human eNOS probe was labeled with [«-**P]dCTP and
used to screen the amplified library as described previously (26). Similarly,
a cDNA encoding rabbit eNOS was isolated by plaque hybridization from
a rabbit inferior vena caval endothelial cell lambda gt11 cDNA library
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(27), using a full-length human eNOS cDNA as the hybridization probe.
c¢DNA sequences were confirmed on both strands.

Plasmid construction and stable transfection. Stable DNA expres-
sion cassettes were created based on the full-length, 4,052-nt eNOS cDNA
using standard recombinant DNA techniques (27, 28). Transcription was
directed by a 654-bp cytomegalovirus (CMV) promoter encoded in the
pcDNA3 plasmid (Invitrogen). The vector-encoded 3'-mRNA processing
signals were removed from the parental vector and replaced with human
eNOS sequences representing 87 nucleotides of 3’-end-flanking genomic
sequence. Luciferase (LUC) reporter constructs used the firefly luciferase
cDNA from pSP Luc+ (Promega) ligated into the HindITI/Xhol sites of
pcDNA3, followed by the terminal 714 base pairs of eNOS ¢cDNA and 87
nucleotides of eNOS 3'-flanking genomic sequence. The point mutation
of TGA to TCA was introduced within the eNOS 3" UTR using the
QuikChange mutagenesis kit (Stratagene) and the primer sequences 5'-
GCC AGG CGG CTC TCA GGG GCT GTT GG-3' and 5'-CCA ACA
GCC CCT GAG AGC CGC CTG GC-3" according to the manufacturer’s
recommendations.

Translation read-through was confirmed by translation of 5'-capped
synthetic transcripts synthesized using mMessage mMachine Kkits
(Ambion) in rabbit reticulocyte lysate (Invitrogen) according to the man-
ufacturer’s suggestions in the presence of 20 wCi of [**S]methionine
(1,000 Ci/mmol) (ICN Biomedicals). A 5-pl amount of each in vitro
translation reaction product was size fractionated on 10% SDS polyacryl-
amide gels under reducing conditions. Translation products were visual-
ized with fluorography using EN’HANCE autoradiography enhancer
(Dupont), followed by autoradiographic analysis of dried gels using a
Storm phosphorimager and ImageQuant software version 1.2MAC (Mo-
lecular Dynamics). Linker mutations were introduced into the eNOS 3’
UTR using modified PCR-based linker mutagenesis, as described by Gus-
tin and Burk (29), with sequences unrelated to known mRNA regulatory
element sequences. The final mutated sequences were 5'-GCA CAA GCT
TCC AGG-3' for P1 through P5 and 5'-ACA AGC TTC C-3’ for AARE.
Briefly, two PCR amplicons were generated (a 5’ fragment and a 3 frag-
ment). The primers used to create the mutants are listed in Table S1 in the
supplemental material. The 5" amplicon was generated using primers
Main-S and XXX-MAS (mutagenic antisense). Main-S is a gene-specific
primer corresponding to nucleotides 3281 to 3298 in exon 25 of the eNOS
c¢DNA. In XXX-MAS, XXX indicates that the 15-bp target of the mutation
is a 36-mer antisense primer containing 22 nucleotides identical to eNOS
c¢DNA and a 14-nt mutation at the 5" end of the primer heterologous to
eNOS cDNA. The 3" amplicon was generated in a similar manner, using
primers Main-AS and XXX-MS (mutagenic sense); Main-AS is an anti-
sense primer homologous to base pairs 65 to 87 3’ to the site of cleavage in
the 3’ flanking genomic region of eNOS. 5" and 3" amplicons were sub-
cloned into pCR II (Invitrogen) and sequenced on an ABI Prism 377
sequencer (Applied Biosystems). The amplicons were then subcloned be-
tween the Xhol and NotI sites of the wild-type (WT) expression vector,
creating 15-bp mutations in the targeted regions. In the case of 3'-UTR
deletions, ligation of the 2 amplicons resulted in an internal deletion of
sequences between the primers. For the triple P2/P3/P4 mutant, primers
PYRIII-MS-Acl I and PYRIII-MAS-Acl I were used to amplify 3" and 5’
amplicons using the mutant P3 and mutant P4 constructs, respectively.
The final constructs were verified by sequence analysis.

Plasmid DNA was prepared using two rounds of gradient sedimenta-
tion ultracentrifugation in ethidium bromide-saturated cesium chloride
cushions. A 1-pg amount of Pvul-linearized plasmid was transfected,
using Lipofectin (Invitrogen), into 60-mm dishes that had been seeded 18
to 24 h earlier at a density of 7 X 10° cells/ml (3.5 ml). Cells were passaged
48 h after transfection into selection/maintenance medium containing
800 wg/ml G418 (Invitrogen). G418-resistant clones were pooled to avoid
the potential effects of site-specific integration events. Multiple indepen-
dent transfections were carried out in HepG2 cells with a minimum of
three transfections per cell line. Estimation of integrated plasmid copy
number was performed by slot blot Southern hybridization as described
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previously (30), using genomic DNA harvested at the time of mRNA
half-life determination and a 1.1-kb midregion eNOS ¢cDNA probe.

mRNA half-life determination using RNase protection assay and
quantitative RT-PCR. Cells were grown to confluence, and the medium
replaced. Forty-eight hours later, actinomycin D was added to a final
concentration of 5 pg/ml. At appropriate time points, total RNA was
harvested using the method of Chomczynski and Sacchi (31). eNOS RNA
levels were quantitated by RNase protection assay using the RPAII or
RPAIII kit according to the manufacturer’s suggestions (Ambion).
Briefly, 10 to 20 g of total cellular RNA from each time point was hy-
bridized for 16 h at 42°C to [a-**P]CTP antisense riboprobes (approxi-
mately 1 X 10° cpm/pLg) complementary to the terminal 292 nucleotides
of the final exon, 350 nucleotides of exons 13 to 15 of the human eNOS
cDNA, or 251 nucleotides of the firefly luciferase open reading frame
generated using T7 or T3 MaxiScript in vitro transcription kits (Ambion).
Human eNOS riboprobe cross-reactivity with bovine eNOS was limited
to fragments less than 25 nt in length. Sample loading was monitored by
the inclusion of a probe complementary to 98 nucleotides of the human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA in the hy-
bridization reaction mixtures. Protected fragments were size fractionated
through 5% acrylamide-7 M urea gels, followed by exposure to phosphor-
imager screens. Signal intensities were quantitated using ImageQuant ver-
sion 1.2 (Molecular Dynamics), and mRNA half-lives calculated assuming
exponential decay kinetics by nonlinear regression of observed data points
(32, 33). RNA half-lives are expressed as the mean half-life and range
representing the standard error of the mean (SEM) of the half-life calcu-
lated from the SEM of decay constants. Decay constants were tested for
significant differences using F-tests. Alternatively, RNA levels were deter-
mined using quantitative reverse transcription (RT)-PCR at specific time
points following actinomycin treatment.

Cytoplasmic extract preparation and RNA electrophoretic mobility
shift assay (EMSA). S100 cytoplasmic extracts were prepared from K562
cells or HUVEC as described previously (34). Briefly, approximately 1 X
10° HUVEC were harvested by trypsinization followed by inactivation
using trypsin inhibitor (Invitrogen) and were washed three times in Dul-
becco’s phosphate-buffered saline (DPBS). Approximately 1 X 10'° K562
cells were harvested by centrifugation and washed three times in DPBS.
Cells were resuspended (2 X 10® cells/ml) in hypotonic lysis buffer con-
taining 20 mM HEPES (pH 7.5), 10 mM KCl, 1.5 mM MgCl,, 0.5 mM
dithiothreitol (DTT), and 1X Complete protease inhibitor cocktail,
EDTA-free (Roche), at 4°C. Resuspended cells were lysed with 25 strokes
of a type B pestle in a 15-ml Dounce homogenizer. Nuclei and cell debris
were pelleted by centrifugation at 5,000 X g for 5 min at 4°C. The super-
natant was adjusted to 40 mM KCl and centrifuged at 100,000 X gfor 1 h
at 4°C (38,000 rpm in a Beckman type 70.1 Ti rotor). The S100 superna-
tant was collected and adjusted to 5% glycerol (vol/vol). The protein con-
tents of the extracts were determined using Bio-Rad protein assay reagent
and bovine serum albumin standards. The extracts were aliquoted and
stored at —80°C until use.

Templates for in vitro transcription of RNA electrophoretic mobility
shift assays were constructed one of two ways. The first used partially
double-stranded synthetic oligonucleotides as described previously (35),
using the oligonucleotides 5'-CTC AAG AGG GGA GGA GCG GGG CTG
ATC CTG GTC GGG CGG ACC TGA GTC GGG CAG CCG CTT CCC
TAT AGT GAG TCG TAT TA-3’, which correspond to nucleotides +34
to +93 relative to the first nucleotide of the human eNOS translation stop
codon, and 5'-TAA TAC GAC TCG CTA TCG-3', which is complemen-
tary to this oligonucleotide, creating a double-stranded T7 promoter. Al-
ternatively, wild-type and mutant eNOS expression cassettes were used as
PCR templates in reaction mixtures designed to add synthetic T7 pro-
moter sequences 5’ to the amplified region. The primer sequences 5'-TAA
TAC GAC TCA CTA TAG GGT GGT GCC TTC TCA CAT C-3' or 5'-
TAA TAC GAC TCA CTA TAG GGA AGG AGC AAA ACG C-3' and
5'-AGG CCC GAG GCA ACA GGC-3' were used to amplify nucleotides
95 to 201 or 149 to 201 (containing P2) relative to the first nucleotide of
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the human eNOS translation stop codon. The primer sequences 5'-TAA
TAC GAC TCA CTA TAG GAG CAA AAC GCC TCT TTC C-3’ and
5'-TGA GAG AGG CAA GAG GAA TCT AAC-3" were used to amplify
nucleotides 157 to 333 (containing P2, P3, and P4). Following amplifica-
tion, PCR products were subcloned into pCRII (Invitrogen) and their
sequences verified. Internally [a->*P]CTP-labeled sense riboprobes were
synthesized using T7 Maxiscript kits (Ambion) and isolated by prepara-
tive gel electrophoresis through denaturing polyacrylamide gels. The full-
length transcription products (specific activities of 1 X 10 to 5 X 10°
cpm/pl) were eluted overnight in probe elution buffer (RPAII kit; Am-
bion) and ethanol precipitated. Approximately 0.5 ng (5,000 cpm) of
labeled probe was incubated with 40 g of extract in a final volume of 15
pl containing 1% 2-mercaptoethanol. The binding reactions took place at
4°C for 20 min following a 20-min preincubation with 0.125 U/pl
SUPERase®In RNase inhibitor (Ambion) and antibodies/competitors as
indicated below. Following a 10-min RNase treatment with 10 ng RNase A
and 1 U RNase T1 at room temperature, nonspecific protein interactions
were suppressed by a further 10 min of competition with heparin (LEO
Pharmaceutical) at a final concentration of 5 pg/pl. The reaction prod-
ucts were electrophoresed through 6% nondenaturing acrylamide (60:1
acrylamide/bis)—0.5X Tris-borate-EDTA gels at 8 V/cm. RNA EMSA ex-
periments were replicated a minimum of 3 times using at least 2 indepen-
dently prepared cell extracts. For competition studies, unlabeled compet-
itor RNAs were synthesized using T7 Megascript kits (Ambion) and
quantified by trace labeling with [a-**P]CTP. Homoribopolymer com-
petitors were from Sigma-Aldrich. Polyclonal antibodies FF1, FF2, and
FF3, directed against hnRNP E1, E2, and E2-KL, respectively, were kindly
provided by Stephen A. Liebhaber, University of Pennsylvania (36). FF1 is
specific for hnRNP E1, and FF2 recognizes hnRNP E2 but not E2-KL or
E1, while FF3 recognizes both hnRNP E2 and E2-KL but not E1.

hnRNP E knockdown. Eighty-five to 95% confluent HUVEC were
transfected with hnRNP E1- or hnRNP E2-specific ShortCut siRNAs
(NEB) at a final concentration of 15 nM to 20 nM using Oligofectamine
(Invitrogen) for 72 h as previously described (37). Following transfection,
total cellular protein and RNA were extracted using the mirVana PARIS
kit (Ambion).

RNA RIP. RNA immunoprecipitations (RIPs) were performed using
Magna RIP RNA-binding protein immunoprecipitation kits (Millipore)
according to the manufacturer’s recommendations. Approximately 1.5 X
107 cells were used for each RIP reaction mixture. Anti-hnRNP E1 rabbit
polyclonal antibody (Cell Signaling), anti-hnRNP E2 (H-15) goat poly-
clonal antibody (Santa Cruz Biotechnology), and anti-DYKDDDDK tag
(9A3) mouse monoclonal antibody (Cell Signaling) were used at a 1:50
dilution.

ChIP. Chromatin immunoprecipitations (ChIPs) were performed in
HUVEC as previously described (38).

Transient plasmid transfection. SONE overexpression: HepG2 cells
stably expressing wild-type and mutant eNOS were transfected with
PMACS KX.IT plasmids (Miltenyi Biotec) expressing a 1,555-nt sequence
derived from sONE exons 10 to 12 that contain the 662 nucleotides that
overlap eNOS. Transfected cells were enriched as described in reference
17, and verification of immunomagnetic enrichment of transfected cells
was performed by monitoring the expression of the red fluorescent pro-
tein DsRed2 encoded by the pDsRed2 N1 plasmid. Enrichment was ob-
served to be >90%. Forty-eight hours after enrichment, total cellular
protein and RNA were extracted using the mirVana PARIS kit (Ambion).
Plasmids encoding the FLAG-tagged wild-type hnRNP E1 (pCMV14-3X
Flag-hnRNP E1) and the S43A mutant (with an S-to-A change at position
43) (pCMV14-3X Flag-hnRNP E1-S43A) (kindly provided by Philip H.
Howe, Medical University of South Carolina) were transfected by electro-
poration into 1 to 2 million HUVEC resuspended in 400 .l of 5% fetal
bovine serum in Opti-MEM (Invitrogen) usinga BTX ECM 830 (Harvard
Apparatus), with a single pulse of 200 V for 70 ms (20 pg plasmid per
transfection).
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Manipulation of Dicer and microRNA expression. Dicer knock-
downs in HUVEC were performed using Oligofectamine as previously
described (37). Transfection of synthetic hsa-miR-765 mimics (Dharma-
con), antagomirs (i.e., hairpin inhibitors; Dharmacon), and correspond-
ing negative controls were performed using Oligofectamine (Invitrogen)
as previously described (37). Transfection efficiencies of >95% were
achieved.

eNOS 3’-UTR-targeting siRNAs. Transfection of a pool of three
siRNAs (Dharmacon, Thermo Scientific) that target the eNOS 3’ UTR in
HUVEC was performed as previously described (37), at a total final con-
centration of 5 nM. The siRNA sequences were 5'-CUG CAA GGA UUC
AGC AUU AUU-3', 5'-GGU CCG CCU UAA UCU GGA AUU-3’, and
5'-GUU UCU UAG UCG AAU GUU AUU-3".

Akt and Pak1 kinase inhibition. Cellular Akt activity was inhibited by
the addition of Akt inhibitor IV (EMD Millipore) at a final concentration
of 5 wM. Cellular Pakl activity was inhibited by the addition of Pak in-
hibitor IPA-3 (EMD Millipore) at a final concentration of 5 uM. Cells
were treated with the corresponding inhibitor for 1 h before being sub-
jected to hypoxia.

Immunofluorescence and confocal microscopy. HUVEC were
seeded onto 0.2% gelatin-coated, 22-mm by 22-mm glass coverslips. Fol-
lowing treatment, cells were fixed in 4% paraformaldehyde and rinsed
with PBS, followed by permeabilization and blocking with 1% BSA, 10%
normal goat serum, 0.3 M glycine 0.1% PBS-Tween. Cells were stained
using an anti-hnRNP E1 rabbit polyclonal (Abcam) antibody and Dylight
488-conjugated goat anti-rabbit polyclonal secondary antibody (Abcam).
Coverslips were mounted on glass slides using Vectashield mounting me-
dium with DAPI (4',6-diamidino-2-phenylindole; Vector Laboratories)
and visualized using a Zeiss Axio LSM 700 confocal microscope. Images
were analyzed using the Zeiss ZEN and Image] softwares.

Quantitative RT-PCR. First-strand synthesis and quantitative real-
time RT-PCR were performed as previously described (37). The results
were normalized to the results for 18S rRNA. Primer sequences for eNOS,
endogenous sONE, 18S, and CYPA were previously described in reference
11. Specifically, the sSONE amplicon spans the exon 7/8 boundary of the
gene. Primer sequences for hnRNP E1 were 5'-AGC CGC CAA AGA CTT
GAC C-3' (forward) and 5'-AGC CGA ATG GTG AGA GTC ACA-3'
(reverse). Primer sequences for hnRNP E2 were 5'-GAA GGT GGA TTA
AAT GTC ACT-3’ (forward) and 5'-TCC CTT CTG AGA TGT TGA
TAC-3' (reverse). Primer sequences for total SONE were 5'-TCG CCG
CAG ACA AAC AT-3’' (forward) and 5'-TGA GGG CGC AAT GGT
AAC-3’ (reverse).

Immunoblotting. Protein concentrations were determined using Bio-
Rad protein assay kit IT (Bio-Rad). Fifteen micrograms of total cellular
protein was size fractionated on NuPAGE Novex 4 to 12% Bis-Tris gels
(Invitrogen) and transferred onto nitrocellulose membranes. hnRNP E1
protein was detected using an anti-hnRNP E1 mouse polyclonal antibody
(Novus Biologicals) (immunoblot) or an anti-hnRNP E1 rabbit poly-
clonal antibody (Cell Signaling) (immunoprecipitation and immuno-
blot). hnRNP E2 protein was detected using an anti-hnRNP E2 (5F12)
mouse monoclonal antibody (Novus Biologicals). eNOS protein was de-
tected using an anti-NOS3 (C-20) rabbit polyclonal antibody (Santa Cruz

Stabilization of eNOS mRNA by an RNP Complex

Biotechnology). Dicer protein was detected using an anti-Dicer (13D6)
mouse monoclonal antibody (Abcam). Total Akt (Akt1, Akt2, and Akt3)
protein was detected using an anti-Akt rabbit polyclonal antibody (Cell
Signaling). Phospho-Akt protein was detected using an anti-phospho-
Akt (Ser 473) rabbit polyclonal antibody (Cell Signaling). Serine-
phosphorylated proteins were detected using an anti-phospho-serine
(PSR-45) mouse monoclonal antibody (Abcam). Total Pakl protein
was detected using an anti-Pakl rabbit polyclonal antibody (Cell
Signaling). Phospho-Pakl protein was detected using an anti-phos-
pho-Pak1/Pak2/Pak3 (Thr 423) rabbit polyclonal antibody (Abcam).
Threonine-phosphorylated proteins were detected using an anti-
phospho-threonine rabbit polyclonal antibody (Abcam). Lamin A/C
protein was detected using an anti-lamin A/C (346) mouse monoclo-
nal antibody (Santa Cruz Biotechnology). a-Tubulin protein was de-
tected using an anti-a-tubulin mouse monoclonal antibody (Sigma-
Aldrich). Horseradish peroxidase (HRP)-linked goat anti-rabbit IgG
(Santa Cruz Biotechnology) and HRP-linked rabbit anti-mouse IgG
(Abcam) were used as secondary antibodies. Signal detection and anal-
ysis were performed using an ECL plus/prime instrument (GE Health-
care) and Image] (NIH), respectively.

Statistical analysis. All results represent the means = SEM of at least
three independent experiments. Statistical analysis was performed using a
two-tailed ¢ test or analysis of variance (ANOVA) as appropriate. A Pvalue
of <0.05 was considered to be statistically significant.

RESULTS

The 3" UTR confers exceptional stability to eNOS mRNA.
mRNA stability is directed by complex interactions between a va-
riety of RNA binding factors and mRNA regulatory cis elements,
an important number of which are found in 3" UTRs. The human
eNOS mRNA is highly stable in ECs, with a half-life in excess of 24
h (Fig. 1A). To address the functional contribution of the 421-nt
human 3" UTR to eNOS mRNA stability, we expressed full-length
eNOS mRNAs either with (WT) or without the 3’ UTR (AUTR).
Stable transfections of eNOS expression constructs were per-
formed in HepG2 cells, which do not express eNOS. Wild-type
and AUTR expression cassettes contained eNOS 3’ polyadenyla-
tion signals and 3’ flanking genomic sequences (Fig. 1B). In
HepG2 stable cell lines, the removal of the 3’ UTR from eNOS
resulted in a decrease in mRNA half-life from 22 h to 6.8 h
(Fig. 1C), thus indicating that cis elements contained therein con-
fer enhanced stability to the human eNOS mRNA.

In the converse experiment, we tested the ability of the eNOS 3’
UTR to stabilize a heterologous firefly luciferase reporter mRNA.
We expressed luciferase mRNAs from stably transfected expres-
sion constructs containing nucleotides 3338 to 4052 of the human
eNOS cDNA (293 nucleotides of the eNOS open reading frame
and the entire 3' UTR) (Fig. 1D). Inclusion of the full-length
eNOS 3’ UTR stabilized luciferase reporter mRNA compared to

FIG 1 The eNOS 3'-UTR contains cis elements necessary for active stabilization. (A) Half-life (t,,,) measurements of native eNOS mRNA in HUVEC using RNA
protection assays. (B) Schematic of constructs used to create cell lines in HepG2 cells stably expressing full-length eNOS and eNOS mRNA lacking 3'-UTR
sequences (AUTR). ORF, open reading frame. (C) Half-life measurements of wild-type eNOS mRNA (WT) and AUTR mRNA from stably transfected expression
cassettes in HepG2 cells. Representative gels are shown. (D) Schematic of constructs used to created stable HepG2 cell lines expressing luciferase or chimeric
luciferase/human eNOS mRNA. Open octagons in the schemata indicate luciferase coding stop codon. Black lines represent vector sequence. (E) Half-life
measurements of luciferase mRNA (LUC) and chimeric luciferase/eNOS mRNA (LUC/eNOS) from stably transfected HepG2 cells after actinomycin D
treatment. Representative gels are shown. (F) Mutation of the eNOS wild-type stop codon (TGA to TCA), represented by a black box, allows translating
ribosomes to read 180 nucleotides into the eNOS 3’ UTR (dark grey box) before reaching the next in-frame stop codon (open hexagon). Mutation of the ARE
nonamer is depicted as a black box. (G) Translational read-through was confirmed in the TGA-to-TCA mutant by in vitro translation of synthetic RNA in rabbit
reticulocyte lysates. Representative gels are shown. (H) Half-life measurements of wild-type eNOS mRNA (WT), the translation antitermination mutant
(TGA-TCA), and the ARE nonamer sequence mutant (AARE) mRNAs from stably transfected expression cassettes in HepG2 cells. Representative gels are shown.

Data represent means = SEM (n = 3).*, P < 0.05.
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the stability of the reporter mRNA that did not contain the 3’ UTR
(Fig. 1E). The half-lives of the reporter mRNAs were 5.1 hand 14.9
h for LUC and LUC/eNOS mRNA, respectively. Given that the
addition of the eNOS 3" UTR prolonged the half-life of heterolo-
gous reporter mRNA, we concluded that the eNOS mRNA 3’ UTR
contains stabilizing cis elements that can be transferred to heter-
ologous sequences.

Next, to further examine the functional significance of the
eNOS 3’ UTR, we employed a biologically relevant screen of
the proximal half of the eNOS 3’ UTR. This was done by mutating
the wild-type eNOS translation termination codon (TGA) to a
serine codon (TCA), allowing translating ribosomes to read 180
nucleotides further into the 3" UTR before reaching the next in-
frame stop codon (TAG, positions 178 to 180) (Fig. 1F). The ra-
tionale for this experiment is based upon the molecular mecha-
nism underlying the human a2-globin Constant Spring mutation,
which is the most common form of nondeletional a-thalassemia
(39). This mutation prevents the active stabilization of a2-globin
mRNAs by disrupting the formation of stabilizing complexes be-
tween a-complex proteins (aCPs), also known as hnRNP E pro-
teins or poly(C) binding proteins (PCBPs), and important pyrim-
idine (C and CU)-rich sequences in the a2-globin mRNA (40, 41).
Thus, by mutating a single nucleotide and making a mutation
equivalent to that observed in human a2-globin Constant Spring,
we functionally screened approximately half of the eNOS 3" UTR.
In addition, we created a 10-nt mutation to target a conserved
AU-rich element (ARE)-like nonamer [UUAUUUA(A/U)(A/U)]
(42-45) in the distal 3" UTR, just upstream of the cleavage and
polyadenylation site (Fig. 1F) (28). This sequence is followed very
closely by an ARE-like pentamer (AUUUA) that is also conserved
among the species we compared. AREs often play a central role in
the rapid turnover of labile mRNAs (reviewed in references 46 and
47). Translational read-through of proximal eNOS sequences was
confirmed by in vitro translation, which revealed the extended
open reading frame (Fig. 1G). When translating ribosomes were
allowed to read through the proximal 180 nucleotides of the eNOS
3" UTR in the TGA-to-TCA mutant, the mRNAs were consider-
ably less stable than wild-type mRNAs (22-h versus 10.1-h half-
life) (Fig. 1H). It is of interest that the P1 and P2 but not the P3 or
P4 cis elements (see next section) are affected by the TGA-to-TCA
mutation. In contrast, mutation of the nonamer component of
the ARE did not significantly change the eNOS mRNA half-life (23
h) (Fig. 1H). From these data, we concluded that mRNA se-
quences in the proximal 180 nucleotides of the eNOS 3" UTR are
necessary for the mRNA stabilization, whereas ARE-like se-
quences in the distal eNOS 3’ UTR do not contribute significantly
to basal mRNA stability.

Multiple conserved 3’'-UTR cis elements contribute to eNOS
mRNA stability. We determined, i silico, potential regulatory cis
elements in the eNOS mRNA 3’ UTR (Fig. 2A and B). We cloned
c¢DNAs from rabbit and mouse endothelial cell cDNA libraries
and extracted data from publicly available databases. Cross-species
comparison of eNOS 3'-UTR sequences revealed that overall nucle-
otide identities with the human eNOS 3’ UTR were 57%, 59%, 66%,
and 37% for bovine, porcine, rabbit, and mouse eNOS 3" UTRs,
respectively. In contrast with this overall lack of sequence conserva-
tion, we noted several highly conserved regions. In particular, multi-
ple pyrimidine (C and CU)-rich elements are evolutionarily con-
served and shared, in part, with sequences responsible for the
formation of the a2-globin mRNA stability complex (Fig. 2A and B)

2034 mcb.asm.org

(48). Pyrimidine-rich elements have been associated with highly sta-
ble mRNAs (48). We will refer to these pyrimidine-rich sequence
elements in eNOS as P1 through P5, respectively. The first of the
conserved pyrimidine-rich elements (P1) is located in a region com-
plementary to the eNOS antisense transcript SONE. The conserved
nonamer ARE (which was mutated as described in the legend to Fig-
ure 1F) is also indicated (Fig. 2A and B).

To further define the functional importance of the pyrimidine-
rich cis elements in the eNOS mRNA 3" UTR, specifically as to
their potential role in the active stabilization of the eNOS mRNA,
a series of 15-nt linker mutations were used to target the highly
conserved P1 through P5 elements (Fig. 2A). The mutant se-
quences (5'-GCA CAA GCT TCC AGG-3') are unrelated to any
known mRNA regulatory element sequences. Importantly, the re-
sults indicated that the P2, P3, and P4 mutant eNOS mRNAs were
unstable compared to wild-type eNOS mRNA. Specifically, P2,
P3, and P4 mRNAs had half-lives of 9.4 h, 10.5 h, and 9.3 h,
respectively, versus 22 h for the wild type (Fig. 2C). Mutation of
the P1 and P5 elements alone failed to decrease eNOS mRNA
stability, resulting in half-lives of 22 h, and 18.1 h, respectively.
Finally, mutant eNOS mRNAs containing the combined triple
mutation of the P2, P3, and P4 elements (i.e., P2/P3/P4, abbrevi-
ated as the P234 mutant in figures) had a significantly shorter
half-life (i.e., 7.1 h) than wild-type eNOS mRNAs (Fig. 2C). Im-
portantly, the effects of the P3 and P4 mutations indicate that
regions in the distal region of the eNOS 3" UTR, beyond those
affected by the TGA-to-TCA mutation, also contribute function-
ally to eNOS mRNA stability. From these results, we concluded
that the conserved P2, P3, and P4 elements play a functional role
in the active stabilization of eNOS mRNA.

RNP complexes form on eNOS 3'-UTR cis elements. The py-
rimidine-rich elements identified above that contribute to the ex-
ceptional stability of the eNOS mRNA bear strong homology to cis
elements that recruit stabilizing RNP complexes (e.g., a2-globin
mRNA) (Fig. 2B). Thus, we examined the interaction of these
elements with cellular trans factors in HUVEC and K562 human
erythroleukemia cells and compared the RNP complex formation
with the formation of a2-globin RNP complexes that have been
well characterized in K562 cells (49). The findings were comparable
in both cell types. Importantly, we observed the formation of eNOS
RNP complexes on probes comprising nucleotides 157 to 333 of the
eNOS 3’ UTR, which span the P2/P3/P4 elements (Fig. 3A). Complex
formation on the P2/P3/P4 sequences was inhibited by adding an
increasing (10-, 100-, 250-fold) molar excess of unlabeled probe
(lanes 4 to 6). Complex formation was not inhibited by the addition
of an increasing molar excess of unlabeled mutant probe (lanes
7t09). Importantly, RNP complex formation was not observed
on mutant P2/P3/P4 probes (lanes 10 to 12) (Fig. 3A).

Complex formation was also observed on probes containing
the P2 element (comprising nucleotides 95 to 201 of the eNOS 3’
UTR) with trans factors in HUVEC (see Fig. S1A in the supple-
mental material) and K562 cell S100 cytoplasmic extracts (data
not shown). In addition, the formation of RNP complexes on the P2
element was sensitive to competition by poly(CU) and, to some ex-
tent, poly(U) but not poly(C), poly(A), or poly(G) (see Fig. S1B),
which is consistent with previous reports (40, 50). Importantly, com-
plex formation was also observed on probes containing P1, P3, or P4
elements in isolation (data not shown). Significantly, these findings
indicate that eNOS- and a2-globin-stabilizing RNP complexes con-
tain common components.
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FIG 2 Conserved cis elements in the eNOS 3’ UTR. (A) Conserved sequence elements (boxed) of the human eNOS 3" UTR. The stop codon (UGA) is shaded,
as are regions that were mutated for functional analysis. The next in-frame stop codon, UAG (boxed), is also indicated. The region of complementarity to sSONE
is denoted by a black arrow. (B) Cross-species sequence alignment of conserved elements in the eNOS 3" UTR. (C) Half-life measurements of wild-type (WT) and
mutant (P1 to P5) eNOS mRNAs in HepG2 cells. P234 represents a construct containing targeted mutations of P2/P3/P4 in combination. Representative gels are

shown. Data represent means = SEM (n = 3 or 4). *, P < 0.05.

Together, our findings strongly indicate that the formation of
stabilizing RNP complexes on pyrimidine-rich elements (espe-
cially P2 to P4) in the eNOS 3" UTR are functionally linked to the
active stabilization of eNOS mRNA. These findings strongly sug-
gest that eNOS 3'-UTR RNP complexes contain protein compo-
nents of the a-complex, i.e., hnRNP E proteins.

hnRNP E1 is a major component of the eNOS-stabilizing 3'-
UTR RNP complex. To confirm the involvement of hnRNP E
proteins in eNOS-stabilizing RNP complex formation, we per-
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formed RNA EMSAs using antisera directed against the major
isoforms of hnRNP E proteins, i.e., hnRNP El, E2, and E2-KL.
Importantly, the results indicated that the addition of antiserum
directed against hnRNP E1 produced supershifts of eNOS RNP
complexes in HUVEC extracts (Fig. 3B). Supershifts were also
observed occasionally and to a lesser extent with E2-KL antiserum.
In contrast, supershifts were not evident with the addition of an-
tisera directed against hnRNP E2 or nonimmune serum (NIS).
Taken together, these data strongly implicate hnRNP E1 as a key
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FIG 3 eNOS-stabilizing RNP complexes contain hnRNP E1. (A) In vitro-transcribed, **P-labeled riboprobe containing the wild-type eNOS P2/P3/P4 sequences
(P234 WT) was incubated with or without S100 cytoplasmic extract from HUVEC and unlabeled competitors (10-, 100-, and 250-fold molar excess) as indicated.
Formation of eNOS RNP complexes in vitro (indicated by an arrow) was performed in the absence (3rd lane) and presence of 10-, 100-, and 250-fold molar excess
of unlabeled P234 WT probe (4th to 6th lanes) or an unlabeled P234 M probe containing 15-nt mutations of eNOS P2, P3, and P4 sequences in the context of
otherwise wild-type sequence (7th to 9th lanes). **P-labeled P234 M riboprobes failed to form eNOS RNP complexes in vitro with HUVEC S100 extract (10th
lane). (B) eNOS RNP complexes were formed as described for panel A. Supershift position is indicated by S. (C) Representative immunoblots of HUVEC under
hnRNP E1- or hnRNP E2-specific siRNA knockdown conditions. Lamin A/C knockdown was performed as an internal control for siRNA specificity. (D) hnRNP
El, E2, and eNOS mRNA levels in HUVEC under hnRNP E1 or E2 knockdown conditions. (E) Representative immunoblots of HUVEC under hnRNP E1
(E1)-specific siRNA knockdown conditions. (F) Half-life measurements of eNOS mRNA in HUVEC under hnRNP E1 knockdown (hnRNP E1 siRNA) or
nonsilencing (NS siRNA) conditions. Data represent means * SEM (n = 3). *, P < 0.05 compared to results for corresponding nonsilencing siRNA. act. D
treatment, actinomycin D transcription arrest.

protein component of the RNP complex that is responsible for the  (Fig. 3C) and mRNA expression (Fig. 3D) were decreased by
active stabilization and extraordinary basal stability of eNOS  ~60% and ~50%, respectively, under E1 but not E2 knockdown
mRNA. conditions. In addition, eNOS mRNA stability measurements using

hnRNP E proteins are an integral part of the stabilizing a-com-  actinomycin D showed that eNOS mRNA stability is significantly
plex and are similarly recruited to other highly stable mRNAs (48).  decreased under E1 knockdown conditions (i.e., ~15h, compared to
Thus, to test the functional relevance of hnRNP E for eNOS ex-  the basal half-life of >48 h) (Fig. 3E and F). Taken together, these
pression, we performed siRNA-mediated knockdowns of hnRNP  results strongly support hnRNP E1 as a major component of the
El and E2. Steady-state measurements showed that eNOS protein ~ 3’-UTR RNP complex that actively stabilizes eNOS mRNA.
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FIG 4 hnRNP E1 but not E2 associates with eNOS mRNA. hnRNP E1 or E2 and associated RNAs were immunoprecipitated using an hnRNP El-specific or
hnRNP E2-specific antibody in HUVEC. Levels of hnRNP El-associated eNOS mRNA (A) and sONE RNA (B) and of hnRNP E2-associated eNOS mRNA (C)
and sONE RNA (D) are shown. Data are presented as percentage of input relative to measurements of control IgG (pooled) pulldown. Data represent means *
SEM (n = 3).*, P < 0.05 compared to results for control IgG (pooled). Bottom panels represent real-time PCR products obtained from the experiments whose

measurements are shown in the respective top panels.

To confirm the interaction between the pyrimidine-rich ele-
ments in eNOS 3’ UTR and hnRNP E proteins, we performed
RNA immunoprecipitation (RIP) experiments against hnRNP E1
in HUVEC that express native eNOS. The results indicated that
hnRNP El associated specifically with endogenous wild-type
eNOS mRNA, with a significant, ~10-fold enrichment over con-
trol IgG pulldowns (Fig. 4A). In contrast, hnRNP E1 was not
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associated with sSONE RNA (Fig. 4B). Furthermore, hnRNP
E2-specific RIPs revealed no significant associations between
either eNOS mRNA (Fig. 4C) or sONE RNA (Fig. 4D) and
hnRNP E2. CYPA mRNA, used as a negative control, was not
associated with either hnRNP E1 or E2 (see Fig. S2 in the sup-
plemental material).

The specific association of eNOS mRNA with hnRNP E1 was
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in the respective top panels.

recapitulated in HepG2 cells that stably express wild-type eNOS
mRNA (Fig. 5), as the results indicated significant enrichment of
eNOS mRNAs in hnRNP E1 versus control IgG pulldown samples
(Fig. 5). Importantly, mutating the P2, P3, and P4 elements dis-
rupted the interaction between hnRNP E1 and eNOS mRNAs
(Fig. 5A and B). Specifically, the levels of association of P2/P3/P4
(Fig. 5A) and the TGA-to-TCA (Fig. 5B) mutant eNOS mRNAs
with hnRNP E1 were ~34-fold and ~17-fold lower, respectively,
than the level of association between wild-type eNOS mRNA and
hnRNP El. Similarly, we observed an ~5-fold decrease in the
association between eNOS mRNA and hnRNP E1 when the P1
element was mutated (Fig. 5C). These findings are consistent with
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the results of the RNA EMSAs and, taken together with the mRNA
half-life measurements, strongly indicate that hnRNP El, as part
of a 3'-UTR RNP complex, plays an important function in the
active stabilization of eNOS mRNA. hnRNP E proteins are known
to shuttle between the nucleus and cytoplasm, with functional
consequences for the translational efficiencies of their target
mRNAs (e.g., a2-globin mRNA) (51-54). Indeed, chromatin im-
munoprecipitations (ChIPs) against hnRNP E1 revealed specific
El enrichment at eNOS P2/P3/P4 elements compared to the
amount at the eNOS promoter (data not shown). These results
indicate that the interaction of hnRNP E1 with eNOS mRNA oc-
curs as an early post- or cotranscriptional event. Future studies
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El-replete HUVEC.

will be necessary to define the contribution of additional factors in
the association of hnRNP E1 with eNOS mRNA.

Stabilization protects eNOS mRNA from sONE antisense-
mediated inhibition. Next, we sought to determine the biological
significance of active eNOS mRNA stabilization by hnRNP E1-
containing RNP complexes. We have previously identified an in-
hibitory antisense transcript to eNOS, i.e., SONE, which is ar-
ranged in a tail-to-tail orientation to eNOS, and the mRNAs for
the 2 genes are complementary for a total of 662 nucleotides, in-
cluding significant exon/exon overlap (17). Importantly, sONE
regulates eNOS expression via posttranscriptional mechanism(s)
(17). Therefore, we hypothesized that the eNOS-stabilizing 3'-
UTR RNP complex protects and allows eNOS mRNA to accumu-
late despite the inhibitory antisense effects of SONE. To test this
hypothesis, we overexpressed a region of the SONE transcript con-
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taining the maximal (622-nucleotide) overlap with eNOS in
HepG2 cells that stably express full-length wild-type (WT) and
3’-UTR mutant eNOS. We first confirmed that total SONE ex-
pression was increased by 10- to 12-fold following SONE overex-
pression (see Fig. S3A in the supplemental material). As expected,
this increase in overall SONE expression was attributed to overex-
pression of the SONE overlap region, since the endogenous levels
of SONE remain unchanged under these conditions in HepG2
cells (see Fig. S3B in the supplemental material). Next, we mea-
sured eNOS protein (Fig. 6A) and mRNA (Fig. 6B) levels from the
wild-type and mutant eNOS constructs. Compared to the levels in
empty-vector-transfected cells, we observed an ~35% decrease in
eNOS protein levels when sONE was overexpressed in cells that
express the wild-type eNOS 3’ UTR (Fig. 6A), while the eNOS
mRNA levels remained essentially unaffected (Fig. 6B). This is
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consistent with our previous findings with endogenous eNOS in
HUVEC (17). In contrast, both the eNOS protein and mRNA
levels from the TGA-to-TCA mutant were reduced, to ~55% and
60%, respectively, in the presence of SONE (Fig. 6A and B). Sig-
nificantly, the expression of eNOS protein from the P2/P3/P4 tri-
ple mutant was the most dramatically affected, as eNOS protein
was reduced to ~15% in the presence of sONE (Fig. 6A) and
eNOS mRNA levels similarly decreased to ~30% (Fig. 6B). Inter-
estingly, the levels of expression of eNOS protein and mRNA from
the P1 mutant were unaffected by exogenous expression of SONE
overlap regions (Fig. 6A and B). Taken together, these findings
suggest that the formation of the stabilizing RNP complex pro-
tects eNOS mRNA from sONE-mediated posttranscriptional/
translational downregulation.

Regulation of eNOS expression is Dicer dependent. RNA in-
terference (RNAi) and microRNA regulation are well-established
mechanisms of posttranscriptional gene regulation. Given the im-
portance of posttranscriptional regulation of eNOS expression, as
evidenced in this work and prior work from us and others (9-17),
we sought to determine whether RNAi/microRNA pathways are
implicated in the posttranscriptional regulation of eNOS and/or
sONE, as well as the functional relevance of the stabilizing RNP
complex in this context. Dicer is a key enzyme involved in the
biogenesis and activity of microRNAs and siRNAs. We have re-
cently shown that the downregulation of Dicer in hypoxia is an
important adaptive mechanism that serves to maintain the cellu-
lar response to hypoxia (37).

Thus, we first examined the Dicer dependence of basal eNOS
and sONE expression. Importantly, our results indicated that
eNOS mRNA and protein levels, as well as SONE RNA levels (see
Fig. $4 in the supplemental material), were upregulated under
Dicer knockdown conditions in HUVEC. These findings indicate
that Dicer-dependent mechanisms are involved in the regulation
of eNOS and sONE expression. Given that SONE downregulates
eNOS posttranscriptionally (Fig. 6A), an increase in SONE should
lead to a decrease in basal eNOS protein expression (17). How-
ever, the opposite was observed (see Fig. S4A and B). This para-
doxical increase in eNOS protein expression upon Dicer knock-
down, which has also been previously reported (55), suggests that
sONE-independent, Dicer-dependent microRNAs could be re-
pressing eNOS under basal conditions.

Stabilization protects eNOS mRNA from siRNA-mediated
inhibition. We first tested whether hnRNP El-containing stabi-
lizing RNP complexes can protect eNOS from destabilizing RNAi
mechanisms. To do so, we transfected into HUVEC siRNAs that
targeted the eNOS 3’ UTR, specifically at regions between the P2,
P3, and P4 elements (Fig. 6C), under hnRNP El-replete or -de-
pleted conditions. We chose to design siRNAs against 3'-UTR
sequences because endogenous microRNAs predominantly target
the 3’ UTR. Consistent with the protective function of hnRNP El,
the siRNAs were much more effective at downregulating eNOS
mRNA (Fig. 6D) and, especially, eNOS protein (Fig. 6E) in
hnRNP E1-depleted cells. Thus, these results strongly support our
model that hnRNP E1 is involved in the active stabilization and
protection of eNOS mRNAs from siRNAs/microRNAs that target
the eNOS 3’ UTR.

Stabilization protects eNOS mRNA from microRNA-medi-
ated inhibition. We performed in silico analyses to identify en-
dogenous, biologically relevant microRNAs that target eNOS. The
results indicated that eNOS is potentially targeted by hsa-miR-
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765, which is an abundant species (within the top 20% of all de-
tected microRNAs) in HUVEC (37). Importantly, a putative tar-
get site of hsa-miR-765 was located within the P1 element in the
eNOS mRNA 3" UTR (as predicted by TargetScan) (Fig. 6C).

Next, we addressed the functional relevance of hsa-miR-765
for eNOS expression. To do so, we manipulated hsa-miR-765 ex-
pression in HUVEC by transfecting synthetic inhibitors (i.e.,
antagomirs) and mimics of hsa-miR-765 and measured steady-
state levels of eNOS mRNA and protein. In hnRNP El-replete
HUVEC, we observed no effect on eNOS mRNA (Fig. 7A and B)
or protein (Fig. 7C) levels when we inhibited hsa-miR-765 expres-
sion/activity with hsa-miR-765 antagomirs or overexpressed hsa-
miR-765 mimics. Only when hsa-miR-765 mimics were expressed
at very high levels (200 nM) did we observe modest decreases of
~50% and ~15% in eNOS mRNA (Fig. 7B) and protein expres-
sion (Fig. 7C), respectively. In contrast, however, hsa-miR-765
had a much more potent effect on eNOS mRNA and protein ex-
pression in cells depleted of hnRNP El (via siRNA-mediated
knockdown of hnRNP E1). Here, hsa-miR-765 inhibition resulted
in a significant, ~2.5-fold increase in eNOS mRNA compared to
the level in cells treated with a negative-control antagomir
(Fig. 7A), and hsa-miR-765 overexpression at 40 nM and 200 nM
final concentrations resulted in significant downregulation of
eNOS mRNA, by ~60% and ~95%, respectively (Fig. 7B). Like-
wise, we observed in hnRNP E1-depleted HUVEC that eNOS pro-
tein levels were significantly elevated, by ~1.3-fold, and reduced
by ~50% (at 40 nM) and ~70% (at 200 nM) under hsa-miR-765
inhibition and overexpression conditions, respectively (Fig. 7C).

Of great interest, the predicted target site for hsa-miR-765 in
the eNOS 3’ UTR corresponds to the P1 element (Fig. 6C). Al-
though mutation of the P1 element does not affect steady-state
eNOS mRNA under basal conditions, the loss of microRNA bind-
ing could still be associated with stabilization of eNOS mRNA.
Thus, we performed similar experiments in HepG2 cell lines that
stably express either full-length eNOS mRNA with the wild-type
3" UTR or the P1 3’-UTR mutant (P1 mutant) under hnRNP
El-depleted conditions. Similar to our findings in hnRNP E1-
depleted ECs, wild-type eNOS mRNA expression was significantly
increased, by ~4-fold, when hsa-miR-765 was inhibited and sig-
nificantly downregulated, by ~70%, when hsa-miR-765 was over-
expressed (Fig. 7D). Likewise, we observed a significant decrease
in wild-type eNOS protein levels, by ~65%, when hsa-miR-765
was overexpressed (Fig. 7E). Importantly, hsa-miR-765 inhibition
and overexpression had no effect on the levels of eNOS mRNA
and protein derived from the P1 mutant (Fig. 7D and E). To-
gether, these results indicate that under basal conditions, stabiliz-
ing hnRNP El-containing RNP complexes protect human eNOS
from downregulation by hsa-miR-765. Thus, hnRNP E1 protects
eNOS mRNA from the posttranscriptional inhibitory effects of
both SONE and hsa-miR-765, thus serving as a protective mech-
anism that promotes overall eNOS mRNA and protein expres-
sion. Notably, hsa-miR-765 expression was significantly de-
creased in a Dicer-dependent manner in hypoxic HUVEC (see
Fig. S5A in the supplemental material), with a corresponding ac-
cumulation of hsa-miR-765 precursors (see Fig. S5B). This is con-
sistent with our recent report that chronic hypoxia leads to func-
tional depletion of Dicer in ECs, which results in the
downregulation of an important number of biologically relevant
microRNAs, including hsa-miR-765 (37).
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Hypoxia modulates the formation and function of the stabi-
lizing complex on eNOS mRNA. eNOS mRNA and protein ex-
pression are significantly decreased by hypoxia (see Fig. S5C to E
in the supplemental material), in part due to posttranscriptional
mechanisms (9, 11). In contrast, SONE is highly induced by hyp-
oxia (see Fig. S5E); specifically, the increase in steady-state levels of
sONE RNA is due to increased RNA stability rather than changes
in the transcription rate of SONE (11). Given that the stabilizing
RNP complex protects eNOS from sONE-mediated inhibition
and that eNOS expression is downregulated by hypoxia, we
wanted to determine if hnRNP E1/eNOS complex formation is
disrupted in hypoxia. Notably, steady-state hnRNP El protein
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(see Fig. S5C and D) and mRNA (data not shown) expression are
not affected by hypoxia (1% O, for 24 h) in HUVEC. Thus, we
performed RIPs against hnRNP El in control (21% O,) versus
hypoxic (1% O,, 24 h) HUVEC and measured the associated
eNOS mRNA levels. Consistent with our hypothesis, we observed
a significantly reduced association of eNOS mRNA with hnRNP
E1 under conditions of hypoxia relative to their association in the
control (Fig. 8A). RIPs revealed that neither sSONE RNA nor
mRNA of the housekeeping CYPA (see Fig. S6 in the supplemental
material) associated significantly with hnRNP E1 under either con-
trol or hypoxic conditions. Taken together, these results indicate that
the posttranscriptional downregulation of eNOS in hypoxia is
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achieved, at least in part, by the inhibition of hnRNP El-containing
RNP complex formation on eNOS mRNAs. Importantly, we ob-
served a significant increase in the serine phosphorylation of hnRNP
E1 under hypoxic conditions (Fig. 8B). Notably, a recent study has
shown that Akt-dependent serine 43 phosphorylation of hnRNP
E1 inhibits its ability to bind to its target mRNAs (56). We found
that Akt is phosphorylated and activated under hypoxic condi-
tions in ECs (Fig. 8B). Importantly, inhibition of Akt activity in
hypoxic HUVEC significantly rescued the hypoxia-mediated de-
crease in eNOS mRNA and protein expression, presumably due,
at least in part, to the attenuation of the increase in hnRNP E1
serine phosphorylation (Fig. 8C and D). Significantly, we also ob-
served, for the first time, that hypoxia led to increased nuclear
retention of hnRNP E1 compared to its localization in the control,
and Akt inhibition effectively abolished this increase in nuclear
localization (Fig. 8E and F). Finally, we tested whether serine 43 is
specifically involved in the reduced association of hnRNP E1 with
eNOS mRNA. Thus, we performed RIPs against FLAG-tagged
constructs containing either the wild-type or a phosphorylation-
insensitive mutant hnRNP E1, whose serine 43 has been mutated
to an alanine residue (S43A). Importantly, the results indicated
that in hypoxic HUVEC, where wild-type hnRNP E1 is phosphor-
ylated, the phosphorylation-insensitive S43A mutant exhibited a
higher (i.e., ~4-fold) degree of association with eNOS mRNA
than did wild-type hnRNP E1 (Fig. 8G).

In addition to serine phosphorylation, hnRNP E1 can also be
phosphorylated at threonine residues (e.g., threonine 60 and 127)
in a Pakl-dependent manner, which also results in decreased as-
sociation with target mRNAs, as well as nuclear retention (57).
Indeed, increased hnRNP El threonine phosphorylation and
Pakl phosphorylation/activation were observed in hypoxic
HUVEC (see Fig. S7A in the supplemental material). However,
inhibition of Pak1 activity did not have any significant functional
effects on hypoxia-mediated changes in eNOS expression (see Fig.
S7B and C), threonine phosphorylation (see Fig. S7B and D), or
hnRNP E1 subcellular localization (see Fig. S7E and F). Thus, in
hypoxic ECs, serine phosphorylation (including serine 43) and
nuclear localization of hnRNP E1 are increased in an Akt-depen-
dent manner. These two events significantly inhibit the ability of
hnRNP El to bind and stabilize eNOS mRNAs. Together with the
increased cytoplasmic expression of the negative posttranscrip-
tional regulator sSONE, these mechanisms account, at least in part,
for the decrease of eNOS mRNA stability and overall expression in
hypoxic ECs.

DISCUSSION

eNOS mRNA is an extremely stable species whose expression is
highly restricted to ECs. However, little has been known about the
underlying molecular mechanisms behind eNOS mRNA stabili-

Stabilization of eNOS mRNA by an RNP Complex

zation, and more importantly, why eNOS mRNAs need to be sta-
bilized. Previous studies have elucidated several possible ratio-
nales for maintaining stable transcripts in other cell types:
reticulocytes express highly stable mRNAs, such as a2-globin, be-
cause these cells become transcriptionally quiescent and enucle-
ated in later stages of development (48); neurons express highly
stable mRNAs that have to survive the transport from the nucleus
to the termini of long axons (58), and oocytes express maternal
mRNAs that are highly stable since DNA replication and cell cycle
progression preoccupy the chromatin template immediately fol-
lowing fertilization (59, 60). In addition, it is also intuitive that
genes that exhibit low levels of transcription would stabilize their
mRNAs so as to increase overall gene expression. However, none
of the explanations above are compelling with respect to the sta-
bility of the eNOS mRNA in the vascular endothelium. Why does
eNOS need to be stable? We have previously reported the charac-
terization of an overlapping cis-antisense transcript to eNOS,
sONE, that is involved in the posttranscriptional downregulation
of eNOS (17). Furthermore, we have also demonstrated that in
models of disease, such as hypoxia, decreases in eNOS expression
can be attributed, at least in part, to SONE-mediated posttran-
scriptional downregulation (11). In this study, we report the iden-
tification of multiple evolutionarily conserved pyrimidine (C and
CU)-rich elements in the eNOS mRNA 3’-UTR that contribute to
the exceptional stability of the eNOS transcript through the for-
mation of stabilizing hnRNP E1-containing RNP complexes.
hnRNP El is a member of the hnRNP E protein family that is
known to regulate several highly stable mRNAs (48, 61-64). The
three best-studied isoforms, hnRNP E1, E2, and E2-KL, interact
with 3'-UTR pyrimidine-rich elements (e.g., a2-globin) to form
stabilizing a-complexes (36). hnRNP E proteins are also impli-
cated in the regulation of mRNA stability for collagen a1(I) (65),
tyrosine hydroxylase (66), and erythropoietin (67) and are in-
volved in the translational regulation of 15-LOX (68, 69) via in-
teractions with 3'-UTR pyrimidine-rich elements (48). However,
arole for these proteins in the cardiovascular system has not been
identified until our current work. Employing multiple indepen-
dent experimental approaches, we show here that hnRNP El is a
major component of the eNOS-stabilizing RNP complex that
forms on the conserved pyrimidine-rich elements in the eNOS
mRNA 3'-UTR. Indeed, our evidence strongly supports the model
that hnRNP E1 actively stabilizes and protects eNOS mRNA from
inhibitory factors, such as antisense RNAs, microRNAs, and
siRNAs, that target the eNOS 3" UTR. To our knowledge, this
represents the first time that the interaction of hnRNP E1 with
mRNA 3'-UTR regulatory cis elements has been implicated in the
protection of an mRNA from antisense RNA- and microRNA-
mediated downregulation. Future detailed studies are required to
identify potential additional factors that interact with hnRNP E1

immunoprecipitation (IP) samples and whole-cell lysates of control versus hypoxic HUVEC. (C) Representative immunoblots of whole-cell lysates and IP
samples from control HUVEC, hypoxic HUVEC, and hypoxic HUVEC treated with 5 uM Akt inhibitor IV. (D) eNOS mRNA and protein levels (quantification
of immunoblot results shown in panel C) in control HUVEC, hypoxic HUVEC, and hypoxic HUVEC treated with Akt inhibitor IV. Data represent means *
SEM (n = 3). *and , P < 0.05 compared to results for corresponding control and 24-h hypoxia, respectively. (E) Subcellular localization of hnRNP E1 was
determined by immunofluorescence using confocal microscopy in control HUVEC, hypoxic HUVEC, and hypoxic HUVEC treated with Akt inhibitor IV
(representative image shown). The scale bar represents 20 pm. (F) Quantification of cytoplasmic hnRNP E1 based on images represented in panel E, expressed
as percentage of total cellular hnRNP E1 immunofluorescence. Data represent means = SEM (n = 3). * and 1, P < 0.05 compared to results for control and 24-h
hypoxia, respectively. (G) RNA immunoprecipitations (RIPs) were performed against FLAG-tagged wild-type hnRNP E1 versus the S43A mutant. Data are
presented as percentage of input relative to measurements of control IgG (pooled) pulldown. Data represent means = SEM (n = 3). Bottom panel represents
real-time PCR products obtained from experiments whose measurements are shown in the top panel.
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as part of the eNOS-stabilizing 3'-UTR RNP complex, as well as
whether hnRNP El interacts directly or indirectly with eNOS
mRNA.

Importantly, we are the first to report an eNOS-targeting
microRNA, i.e., hsa-miR-765. This microRNA targets the eNOS 3’
UTR at the conserved pyrimidine-rich element P1. Interestingly, the
P1 element is the site of both stabilization (by hnRNP E1) and desta-
bilization (by sONE and hsa-miR-765). Consequently, the P1 cis ele-
ment mutation abrogates both of these opposing effects, which might
explain why eNOS mRNA stability remained unchanged when the P1
element was mutated in isolation.

In addition to showing the basal stabilization of eNOS mRNA
by hnRNP El-containing RNP complexes, we have also provided
strong evidence here that the interaction of hnRNP E1 with eNOS
mRNA is inhibited during the environmental stress of hypoxia.
Importantly, we provide evidence that serine phosphorylation of
hnRNP El and Akt phosphorylation/activation are significantly
increased under hypoxic conditions. An important recent study
has reported that transforming growth factor B (TGF-B)-depen-
dent, Akt2-mediated phosphorylation of hnRNP E1 serine 43 in-
hibits hnRNP E1 binding to its target transcripts (56). Signifi-
cantly, we show here that phosphorylation of serine 43 impairs
hnRNP E1 binding to eNOS mRNA. Consistent with the multi-
functional roles of hnRNP E proteins, including hnRNP E1 (57,
70), we and others have observed that hnRNP E1 exists in both the
nucleus and the cytoplasm (52, 71). Importantly, we show for the
first time that hypoxia leads to increased nuclear localization of
hnRNP El, presumably due, at least in part, to Akt-mediated
phosphorylation events, since this phenotype can be reversed by
Akt inhibition. Indeed, our findings strongly support the model
wherein Akt-mediated serine phosphorylation and nuclear se-
questration prevents hnRNP E1 from interacting with and pro-
tecting eNOS mRNA from the inhibitory effects of SONE in
hypoxic ECs. Notably, hsa-miR-765 is downregulated while SONE
is highly induced under hypoxic conditions. eNOS is regulated at
the posttranscriptional level by a number of stimuli other than
hypoxia, such as TNF-a (14) and entry into cell cycle (12). For
example, TNF-a (14) leads to decreases in eNOS mRNA and pro-
tein and destabilizes eNOS mRNA. The relative contributions of
hsa-miR-765, SONE, and hnRNP E1 to the posttranscriptional
regulation of eNOS in these other models of endothelial activation
remain to be studied.

In summary, we have shown that the basal stabilization of hu-
man eNOS mRNA by hnRNP El-containing RNP complexes is a
key protective mechanism against the posttranscriptional inhibi-
tory effects of the eNOS antisense transcript sSONE and function-
ally important microRNAs, such as hsa-miR-765. However, the
interaction between hnRNP E1 and eNOS mRNA is disrupted in
hypoxia due to increased Akt-mediated serine phosphorylation
(including serine 43) and increased nuclear localization of hnRNP
El, thus rendering eNOS susceptible to sONE-mediated down-
regulation. These mechanisms contribute significantly to the de-
crease in eNOS mRNA stability and overall eNOS expression in
hypoxic endothelial cells.
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